INTRODUCTION
While Li-ion battery technologies are currently dominant for mobile electronics applications, the growing demand for inexpensive and safe energy storage options for large-scale applications such as electric vehicles and grid scale storage has motivated recent efforts to use multivalent ions such as Mg 2+ in rechargeable batteries [1] [2] [3] [4] [5] . Mg-ion batteries are expected to have advantages in safety and cost, benefits primarily derived from the usage of Mg metal anodes 6 . There are still many challenges which must be overcome before Mg-ion systems are suitable for practical applications, including the challenges of designing good electrolytes, the exceedingly limited mobility of Mg 2+ ions in most solid state frameworks, and the lack of cathodes with the high specific capacities needed to achieve sufficiently high energy densities to displace existing technologies for monovalent mobile ions 7 . It is particularly important to discover new Mg-ion cathode materials, since the very few examples of existing Mg-ion cathodes which have been robustly demonstrated to achieve substantial specific capacities [7] [8] have not lead to the development of structural families which can be generally tuned to optimize battery performances, in analogy to important Li-ion battery classes such as α-NaFeO 2 -type LiCoO 2 , spinel-type LiMn 2 O 4 , or olivine-type LiFePO 4 9-11 .
Borate based polyanion compounds are promising systems in which to search for novel cathodes for battery applications, since (1) their oxoanion groups provide an inductive effect that enhances the operating voltage and overall energy density relative to pure oxide analogues, and (2) among the common oxoanion groups (e.g., phosphates, silicates, sulfates), the mass/charge (m/z) ratio of the borate group is the lightest, thus favoring high specific capacities. There have been a number of recent studies demonstrating the potential of borate-based compounds as highcapacity cathode materials for lithium-ion batteries [12] [13] . These studies have motivated the present 4 investigation of magnesium metal borates for their potential utility as cathode materials in Mgion battery applications.
There are a number of borate structures where known examples of redox-active transition metals coexist with divalent Mg cations. For the present study, two very similar "ribbon" frameworks which contain 4 parallel chains of edge sharing octahedra ( Figure 1 ) were studied.
The orthoborate compound MgVBO 4 belongs to the warwickite structural family, which has a general stoichiometry of M 2 BO 4 (M = Mg, Sc, Ti and Fe) [14] [15] . In this orthoborate structure, the quadruple ribbons are connected by isolated BO 3 3- can be synthesized in both a triclinic (suarite type, space group P-1, #2) [18] [19] and in an unnamed monoclinic polymorph (space group P2 1 /c, #14) 20 , while Fe 2 B 2 O 5 has only been observed in the triclinic structural type 21 . The monoclinic structure has twice the volume of the triclinic cell, a change resulting from the doubling of the b-axis of the triclinic cell. In both the orthoborate and pyroborate structures, there are two different crystallographic sites for the M cations, indicating two distinct environments for these cations. This has two important implications. First, when two different M cations are used in the structure, there is a possibility of partial or complete ordering over these two distinct sites. Second, the local environment is quite different for both sites and it is therefore expected that the mobility of a given ion may strongly depend on the specific site in which it is found. ribbon. This triply shared oxygen site is the only oxygen site which is not part of a BO 3 triangle, and presumably its larger number of neighboring octahedra (four in total) relative to the other oxygen sites is required to satisfy the bonding and valence requirements of this shared site in the absence of bonding to borate groups.
Based on a structural analysis, it is expected that these compounds may be useful for battery applications. It is known that edge-sharing chains of MO 6 octahedra can give rise to metallic conduction, and the chains in these compounds may facilitate sufficient electronic conductivity for electrochemical cycling to be possible 22 . The ability of these borate frameworks to support ionic conduction is as-yet unknown and it is a goal of the present work to obtain a better understanding of potential ionic diffusion processes in these frameworks. While the focus here is on Mg 2+ ions, it is also expected that Li + ions can be hosted by these structural frameworks.
The ability of the ribbon frameworks to support electronic and ionic conduction will certainly depend on the structural distribution of cations over the inequivalent M A and M B sites at the edges and centers of the chains, and it is important to quantify the relative proportion of mobile and redox-active cations over these two types of sites. In the combined refinement utilizing both neutron and X-ray diffraction data, the weighting scheme was adjusted so that X-ray and neutron data contributed equally to the weighted R value (R wp ) of the refinement. Although a geometrically correct absorption correction cannot presently be applied to the POWGEN data since a large number of different detector positions are utilized, an approximately correct empirical implementation of the standard cylindrical wavelength-dependent absorption correction was used that could estimate the sample linear absorption coefficient (µ L ) based on calibration against La 11 B 6 data collected on the same instrument. Both these refined structures and literature structures were used as input for the calculation of bond valence sum (BVS) difference maps, using custom Fortran code that utilized the existing CrysFML library of crystallographic Fortran modules [34] [35] . The resulting difference maps were displayed using the VESTA software package 36 . 
RESULTS AND DISCUSSION

MgVBO 4
The element vanadium is well-suited for cathodes due to both the high voltage it typically generates, and the multiple oxidation states (3+, 4+ and 5+) that it can access in certain structures [37] [38] . One large advantage of the use of divalent Mg 2+ is that the number of mobile ions that need to be removed from the structure is halved relative to Li analogues, and enhanced specific capacities associated with accessing multiple valence states of vanadium can be realized even in compounds with equimolar amounts of mobile and redox-active cations. Thus the theoretical specific capacity of MgVBO 4 is very high (360 mAh/g). The complete removal of Mg 2+ from MgVBO 4 will result in the oxidation state of V being increased from 3+ to 5+, though it is well known that the demagnesiation of structures is very challenging due to the poor mobility of Mg
2+
and it is therefore expected that electrochemically driving the formation of VBO 4 from MgVBO 4 cathodes at room temperature will be difficult. The nature of the distribution of Mg and V over the two cation sites in the orthorhombic M 2 BO 4 structure type can greatly impact the mobility of Mg 2+ , and samples of MgVBO 4 were prepared in order to elucidate its structure through powder diffraction studies. This structural data is required for the estimation of Mg 2+ diffusion path and the associated energy barriers through theoretical methods (such as DFT or bond valence sum difference maps).
The structure of MgVBO 4 was determined through the combined Rietveld refinement of synchrotron X-ray and time-of-flight neutron diffraction data using polycrystalline samples prepared at 1200 °C. Although time-of-flight neutron diffraction is by itself often sufficient to obtain accurate structural information, the scattering from V is almost completely incoherent, making V essentially invisible in neutron diffraction studies and necessitating more complex B and the problems associated with this (for brevity, we will omit the isotopic identifier for our MgV 11 BO 4 samples in the subsequent text).
The diffraction patterns of as-prepared MgVBO 4 was successfully indexed based on the orthorhombic space group (Pnma, #62) previously suggested for this phase [24] [25] , with cell dimensions of a = 9.25129(4) Å, b = 3.10322(1) Å and c = 9.36991(4) Å obtained through
Rietveld refinement (Fig. 2 ). High quality diffraction data were obtained using both X-rays (satisfactory counting statistics to ~0.5 Å) and neutrons (~0.4 Å), allowing structural parameters for the atoms in MgVBO 4 to be accurately determined, as reported in The Fe-rich compound has a better possibility of achieving a Fe-percolating network within the ribbons that supports good electronic conductivity while the Mg-rich compound has a better possibility of forming a percolating network for ionic conductivity. The Fe-rich compound The 
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More detailed structural studies were therefore carried out on the x = 2/3 and x = 4/3 samples heated at either 250 °C or 400 °C for 24 hours.
When analyzed, room temperature ex situ synchrotron X-ray diffraction data ( Figure 5 ) on powder samples of Mg 2/3 Fe 4/3 B 2 O 5 previously heated at 250 °C and 400 °C show clear shifts in peak positions (that are indicative of changing lattice parameters) and also large changes in diffraction peak intensities (that suggest substantial changes in site occupancies), two characteristic signatures that are expected to accompany demagnesiation. These synchrotron Xray diffraction patterns are also free of peaks from the Fe 2 O 3 impurity phase that was found to be the eventual decomposition product at temperatures higher than 500 °C in our preliminary studies ( Fig. S2) When quantitatively fit in Rietveld refinements, the refined lattice parameters show that the unit cell volume decreases by 2.1% and 2.6% for samples treated at 250 °C and 400 °C, respectively. This decreased volume is expected for the demagnesiation process as oxidation will result in both the removal of Mg 2+ ions and in the oxidation of Fe 2+ to Fe 3+ , two changes which should both promote a reduction in unit cell volume. Additionally, it was observed that there was noticeable peak asymmetry in the 250 °C data, but not in the 400 °C data. The peak asymmetry is attributed to the skewed distribution of lattice parameters that results from the diffusion-limited inhomogeneous removal of Mg 2+ ions at the lower temperature, and which is absent in the 400 °C sample, a temperature at which these ions have a greatly enhanced mobility. Figure S3 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 22 inspection of the high-resolution synchrotron X-ray diffraction pattern reveals that the (h00)
reflections with odd h are missing, suggesting the presence of a two-fold screw axis along the aaxis of this P1 ത cell. These observations are consistent with just two space group choices, P2 1 (#4) and P2 1 /m (#11). When the 400 ºC oxidized structure was explored using the higher symmetry space group (P2 1 /m), no chemically sensible structural model could be found. The final Rietveld refinement was therefore carried out using the space group P2 1 , with the resulting structural parameters given in Tables S5 and S6 The loss of Mg 2+ ions should also induce a change in the bond distances of the octahedral sites.
While it is quite challenging to effectively obtain site occupancies when three species are mixed on a single site of this structure type (Mg, Fe, and vacancies), the bond distances obtained by
Rietveld refinement should be insensitive to the nature of the central cation and thus provide an independent mechanism of following the changes in the crystal structure that occur on heating.
When the 400 °C sample is compared with the pristine sample, the average bond distance for the M A site is reduced by 0.06 Å (from 2.134 to 2.087 Å), while the M B site average distance is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   24 voltage calculated for this system in DFT calculations 40 . However, no estimate of the kinetic barriers to Mg-ion diffusion was made as a part of that work. The BVS difference map calculated for this compound (Figure 7a ) forms a percolating network with a very low threshold (|∆V| < 0.1 v.u.), suggesting that there are no structural barriers to diffusion within this framework, with the same diffusion pathway topology (1D diffusion path along b-axis) predicted for both Mg 2+ and Li + 41 . This compound should be therefore considered as a promising candidate battery cathode in which Mg-ion diffusion might be observed at or near room temperature. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 distribution of cations with the Mn ions preferentially occupying the site analogous to that of Li in LiFePO 4 42 . Based on the BVS map (Fig. 7b) , it is expected that Mg 2+ diffusion occurs through a pathway that connects both the primary and minority octahedral sites in which Mg can be found. The threshold |∆V| barrier for establishing a Mg 2+ percolation pathway is 0.3 v.u. Since the topology of the minimal percolation network requires access to both types of octahedral sites, this pathway is expected to be effectively blocked by the immobile Mn cations in both the majority and minority sites, making it likely that the actual barrier to diffusion is much higher than that suggested by the percolation threshold of 0.3 v.u.
The Chrevrel phase Mo 3 S 4 is perhaps the only well-established cathode material for Mg-ion battery applications 7 . Despite the experimentally observed mobility of Mg 2+ ions at room temperature, the BVS method does not predict that this framework will support Mg-ion diffusion as the percolation threshold is |∆V| > 1.7 v.u. (Fig. 7c ). This Chevrel phase structure differs from that of most solid state compounds in that it consists of Mo 6 S 8 clusters with many strong internal covalent bonds, but without rigid S-S covalent bonds connecting neighboring clusters (the shortest S-S bond length is ~3.3 Å). This suggests that the Chevrel framework can be much more readily distorted than the hard oxide or oxoanion framework of conventional Li-ion battery systems, and that the static structural snapshot used for BVS calculations is inadequate for making accurate predictions if large dynamic structural changes occur in response to the intercalation and de-intercalation of ions. Given the difficulty in identifying rigid oxide frameworks that permit Mg 2+ ion mobility at room temperature, it is perhaps appropriate to devote additional efforts to identifying and evaluating structures with "soft" modes for their suitability for Mg-ion electrodes.
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Furthermore, the BVS-predicted pathway for hopping from one octahedral site to another involves crossing directly in between two borate group triangles, which will result in Mg 2+ ions passing between two B atoms that are only 3.1 Å apart (Fig. 8b) . Since electrostatic repulsions are not included in BVS calculations, the true barrier for Mg-ion diffusion will be much larger than that estimated using the BVS method. As a result, it can be concluded that Mg 2+ ions will be fully immobilized both at room temperature and at elevated temperatures. Given the unfavorable diffusion network topology of MgVBO 4 , it is improbable that the diffusion of Mg can be enabled by chemical substitution, and this general structure type should not be investigated further for applications requiring Mg 2+ diffusion (intercalation-type batteries, solid state electrolytes, etc.). More generally, it can be concluded that it is highly unfavorable for Mg ions to diffuse directly between octahedra which share an edge, and that alternate external diffusion pathways must exist in order to achieve Mg-ion mobility in structures with ribbons of edge-sharing octahedra. When viewed from the side, it can be seen that these 1D channels appear to be completely tolerant to the presence of defects on the octahedral sites (Fig. 9c) . These channels form aisles like those in a parking lot, in which Mg 2+ ions are typically "parked" in octahedral sites (Fig. 9d) .
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